r e v i e w Host defense in vertebrates utilizes an array of receptors on cells of the immune system to recognize invading pathogens. These include antigen-specific receptors, expressed by B cells and T cells, which detect specific epitopes (antigens). In addition, specific groups of pathogens are recognized via pattern-recognition receptors (PRRs) expressed chiefly by cells of the innate immune system. PRRs act as sensors of microbes, detecting conserved microbe-associated molecular patterns (MAMPs). Well-characterized PRRs include TLRs and CLRs, as well as cytoplasmic NLRs. Danger-associated molecular patterns (DAMPs) released by damaged host cells also bind PRRs and contribute to the overall immune response. Although less well characterized, identified DAMPs include TFF2 (ref. 1) and adenosine 2 , which, upon binding to their respective PRR, can trigger the release of alarmins, including interleukin 33 (IL-33) 1,2 , a potent inducer of type 2 immune responses 3 . Chitinase-like proteins released by damaged epithelial cells can also function as DAMPs, triggering the production of IL-17, which contributes to the type 2 immune response 4 . These two levels of specificity, antigen-dependent and PRR, are essential for the induction of protective immunity. PRR signaling is particularly important in determining the initiation of specific immunological modules and thereby tailors the response to the particular group of pathogens invading the host. For example, certain microbial pathogens, including many viruses, bacteria and intracellular parasites, trigger type 1 immunity, with elevations in the expression of specific cytokines, including IL-17 and interferon-γ (IFN-γ). In contrast, multicellular pathogens, including helminths, stimulate a type 2 response, with elevations in IL-4 and IL-13 (ref.
3). As the specific ligand recognized by cells of the innate immune system does not have to be processed or presented by antigen-presenting cells, the innate response develops more quickly than the adaptive response does. Thus, the type of immune response that develops during infection is often determined before the activation of T cells and B cells. Therefore, the events in specific tissue microenvironments that initiate an innate immune response, including interactions between cells of the innate immune system, are critical for understanding the nature of the immune response. Here we discuss the initiating events in specific tissue microenvironments that determine the nature of the innate immune response. We focus on key interactions involving myeloid cell lineages and also innate lymphoid cells (ILCs) in the setting of bacterial, fungal and parasitic infections, but we exclude the topic of viral diseases, which has already been reviewed elsewhere [5] [6] [7] [8] [9] [10] .
Coordinating innate immune responses
Cells of the innate immune system include both myeloid cells and ILCs. Like T cells and B cells, ILCs, including natural killer (NK) cells, develop from common lymphoid progenitor cells. However, they do not express antigen-specific receptors. Mature ILCs include group 1, group 2 and group 3 ILCs 11 . Myeloid cells include monocytes, macrophages, dendritic cells and granulocytes (eosinophils, basophils, and neutrophils). Although historically macrophages and neutrophils were associated with microbial infections, and basophils, mast cells and eosinophils were associated with helminth infections, it is increasingly clear that each of these different cell types is often activated in response to a broad range of microbial and multicellular pathogens. For example, macrophages are classically activated (M1) in response to many microbial pathogens but are alternatively activated (M2) in response to helminths. In fact, macrophages can exhibit an even broader spectrum of activation depending on the particular stimuli 12 . It is thus important to consider both the cell Innate cells are responsible for the rapid recognition of infection and mediate essential mechanisms of pathogen elimination, and also facilitate adaptive immune responses. We review here the numerous intricate interactions among innate cells that initiate protective immunity. The efficient eradication of pathogens depends on the coordinated actions of multiple cells, including innate cells and epithelial cells. Rather than acting as isolated effector cells, innate cells are in constant communication with other responding cells of the immune system, locally and distally. These interactions are critically important for the efficient control of primary infections as well for the development of 'trained' innate cells that facilitate the rapid elimination of homologous or heterologous infections.
lineage and the specific activation state when assessing the function of a cell of the immune system in response to a specific pathogen. Different cell lineages have distinct chromatin signatures, which helps to define their function. However, during infection, signaling through specific cell sensors, including PRRs, affects transcription and can also have epigenetic effects. In addition to transcriptional regulation, post-transcriptional regulatory controls are also involved at specific checkpoints, such as protein translation and the splicing, polyadenylation and stability of mRNA 13 . All of these probably contribute to the specificity of immunological gene regulation in innate cell lineages following their activation during infection. Therefore, both the cell lineage and the specific signaling pathways that trigger activation in response to a particular pathogen need to be considered. It can be misleading to consider one cell population of the innate immune system as having a predominant effect during the response to a pathogen or group of related pathogens. Instead, an emerging model suggests that the innate immune response functions more like an orchestra, with distinct cell lineages of the innate immune system undergoing differential activation, which thereby allows different responses tailored to specific groups of pathogens (Fig. 1) .
Communication and cooperation between cells of the immune system has been understood mainly in the context of cross-regulation of the innate and adaptive immune systems. Far from the initial simplistic view of myeloid cells as simple killers, studies now suggest that a complex network of interactions regulates 14 tailored responses to diverse stimulations (Fig. 2) . Moreover, exciting evidence now suggests that at least one myeloid cell population, macrophages, are capable of 'memory-like' responses that assist in the rapid elimination of pathogens upon secondary challenge [15] [16] [17] .
Macrophages
The understanding of macrophage function has undergone a major transformation fueled in part by technologies that allow lineage-specific and temporal deletion of genes and expression of specific tracking markers. Fate-mapping studies and comprehensive transcriptional profiling have provided evidence in support of the proposal of a distinct origin and function of tissue-resident macrophages [18] [19] [20] [21] [22] . These macrophages are derived from embryonic progenitor cells and are maintained in the periphery without contributions from bone marrow-derived monocytes 21, 23 . They are present at important sites of primary pathogen exposure, such as the airways and intestinal mucosa, and are crucial for the initiation of an inflammatory response 24 . Tissue-derived macrophages can produce chemokines that recruit monocytes and neutrophils to the site of infection [24] [25] [26] . In a published study, during bacterial infection, trafficking of neutrophils within the uroepithelium was possible only after blood monocytederived Ly6C + macrophages 'licensed' tissue-resident macrophages to produce the chemokine CXCL2 (ref. 25) . Thus, in this model, tissueresident macrophages act as sentinels, while recruited macrophages act as helper cells and assist in the 'licensing' of other innate cells and further recruitment of neutrophils 25 . Mounting evidence suggests that tissue-resident and monocyte-derived macrophages modulate the function of neutrophils by providing stimulatory or inhibitory cues 27 . Beyond their direct effects on monocytes and neutrophils, tissue-resident macrophages can control other innate cells indirectly via communication with epithelial cells 27, 28 . For example, alveolar macrophages (AMs) communicate with pulmonary epithelial cells via connexin 43-containing gap-junction channels and minimize lung inflammation by limiting neutrophil recruitment 28 . AMs have also been found to secrete SOCS proteins that act to inhibit inflammatory signaling on airway epithelial cells 27 . Although the roles of these AM-and-epithelia intercommunication mechanisms in the context of pulmonary infections have yet to be explored, we are tempted to speculate that the eradication of pulmonary pathogens involves mechanisms that override such immunosuppressive signals. Collectively, these studies support a model in which continuous communication of tissue-resident macrophages with the epithelia as well as with recruited monocytes and neutrophils operates to coordinate protective immunity and tissue homeostasis (Fig. 2) .
Monocytes and their derivative cells
Ly6C + inflammatory monocytes in the blood are rapidly recruited to sites of infection and give rise to monocyte-derived macrophages and dendritic cells 29 . The recruitment of these precursor cells depends on efficient exit from the bone marrow via engagement of the chemokine receptor CCR2 with CCL2, its chief ligand 30, 31 . Ly6C + inflammatory monocytes and their derivatives are crucial for defense against many pathogens and are an important source of cytokines and chemokines that further recruit neutrophils and inflammatory cells, and they also promote the function of other innate cells 29, 32, 33 . Notably, Ly6C + inflammatory monocytes give rise to monocyte-derived macrophages during infection and can replace tissue-derived macrophages under Figure 1 Factors that shape the type of immune response elicited by infection. The entry of pathogens into mucosal surfaces can cause damage to epithelial cells and result in the release of DAMPs. The presence of an invading pathogen is also sensed by cell-surface and cytoplasmic PRRs that detect an array of MAMPs, as well as DAMPs. PRR signaling promotes the differential induction of cytokines by epithelial cells and cells of the innate immune system. Although helminth-specific pathogen-associated molecular patterns are yet to be well characterized, worm-specific excretory and secretory products are sensed by innate cells and contribute to the overall inflammatory milieu. The effector functions of innate cells such as neutrophils and macrophages are activated differentially by the aggregate contributions of DAMPs, pathogen-associated molecular patterns and cytokines, which lead to a tailored immune response for the efficient eradication of pathogens. In the context of type 1 responses, the early induction of IL-12 and IFN-γ induces the activation of M1 macrophages with optimal capacity to contain intracellular pathogens. Similarly, neutrophils activated in a type 1 cytokine milieu acquire a tailored N1 phenotype. In contrast, infection with helminth parasites and the associated tissue damage that they cause promote a distinct inflammatory response that facilitates the differentiation of M2 macrophages and N2 neutrophils. DC, dendritic cell.
r e v i e w npg r e v i e w certain conditions 24, 29 . The cues that 'instruct' the differentiation of monocytic precursor cells into either monocyte-derived macrophages or monocyte-derived dendritic cells are poorly understood but are probably shaped by tissue-derived signals. The importance of tissue-derived signals for macrophage identity has been shown by the adoptive transfer of peritoneal macrophages into the airways, which promotes their acquisition of pulmonary transcriptional signatures 34 . Similarly, tissue-derived signals stimulate the differentiation of monocytic precursor cells into specific subsets of macrophages. Alternatively, monocyte precursor cells might receive initial instructive signals in the bone marrow, as has been demonstrated after infection with Toxoplasma gondii 35 . In this model, systemic IL-12 induces the expression of IFN-γ by NK cells that then acts on bone marrow monocyte precursor cells to 'instruct' a regulatory program in the monocytes before their entry into the intestine 35 . A similarly important role for NK cell-derived IFN-γ has been shown to promote the local differentiation of monocytes and replacement of tissue-resident macrophages by monocyte-derived cells 36, 37 . Thus, innate cell communication occurs among dendritic cells, NK cells and monocytes both at the site of infection and distally in the bone marrow (Fig. 2) .
Macrophage activation states and acquired resistance Both tissue-derived macrophages and monocyte-derived macrophages seem to be able to activate distinct programs in response to infections with specific groups of pathogens. Historically, macrophages were associated mainly with microbial infections, but it is now clear that their ability to become differentially activated makes them important participants in responses to many different groups of pathogens. An essential function of M1 macrophages is phagocytosis, with the associated production of antimicrobial nitric oxide (NO) from imported arginine through the NO-synthase reaction. These highly activated cells utilize aerobic glycolysis to rapidly generate ATP 14 . In contrast, M2 macrophages are often stimulated during infections with multicellular parasites, with IL-4 and IL-13 being potent inducers of M2 polarization. Rather than using NO production, M2 macrophages instead utilize arginase to metabolize large quantities of arginine to ornithine and urea 38 . In addition to phagocytosis 39, 40 , M2 macrophages have immunoregulatory properties that function in part through depletion of the local supply of arginine required by effector T cells 41 and possibly other neighboring cells of the innate immune system that are arginine auxotrophs. Interestingly, the anti-helminth effector functions of M2 macrophages can also be arginase dependent 15, [42] [43] [44] , which raises the possibility that depletion of local arginine might also impair invading parasites. Conventionally, memory responses, the basis of acquired resistance and vaccines, were considered the hallmark of antigen-specific T cells and B cells. Increasing evidence now suggests that cells of the innate immune system can also develop memory-like responses, or so-called 'trained immunity' 45, 46 . PRRs expressed by cells of the innate immune system provide one mechanism for the specificity, albeit not the antigen specificity, of the response. In this model, during initial exposure to the pathogen, cells of the innate immune system are activated through specific PRRs. This activation state is then preserved such that upon subsequent infections, a heightened, more rapidly developing response occurs 46 . In vitro studies indeed indicate that macrophages stimulated by fungal structures undergo epigenetic remodeling, which stabilizes the transcriptional programs of these memory-like macrophages 17 , whereas macrophages stimulated by lipopolysaccharide show prolonged epigenetic changes mediated by the transcription factor ATF7 (ref. 47) . Such changes in the epigenome could help explain the persistent macrophage phenotypes that have been described in vivo (Fig. 3) . In lung macrophages, a long-lived desensitized state, including hypo-responsiveness to TLR ligands, has been observed after infection with influenza virus 48 . Furthermore, 15 . In future studies, it will be important to determine whether these long-lived in vivo macrophage phenotypes require an inflammatory milieu to persist or are instead sufficiently stabilized to retain this memory-like phenotype independently. Published studies indicate that NK cells also have memory-like characteristics, with epigenetic modifications contributing to phenotype stabilization and enhanced function, which could potentially have a role in controlling the latent reactivation of virus 49 . 'Trained' innate immunity might also be the basis of many nonspecific effects of vaccines. Vaccination of healthy volunteers with bacillus Calmette-Guérin results in enhanced and prolonged blood monocyte cytokine production in response to unrelated bacterial and fungal pathogens, which persists as long as 3 months after vaccination and is dependent on signaling via Nod2 PRRs 16 . Such non-pathogen-specific immunity has also been observed in infants vaccinated with bacillus Calmette-Guérin, in whom heterologous challenge results in enhanced cytokine responses by cells of the innate immune system 50 .
Regulation of innate responses by neutrophils
Although traditionally viewed as short-lived effector cells that mediate the elimination of microbial pathogens, neutrophils have now emerged as important regulators of innate and adaptive immunity 51 . Neutrophils can serve as an important source of cytokines and chemokines to activate and recruit other cells of the immune system [52] [53] [54] . Moreover, similar to other cells of the immune system, such as macrophages, neutrophils can be polarized into 'N1' or 'N2' subsets with differential abilities to produce cytokines. For example, N1 neutrophils express IL-12 in response to lipopolysaccharide, and N2 neutrophils express IL-33 and IL-13 in response to helminth infection 15 . Neutrophils can also produce IL-17 in response to fungal stimulation 54 or IFN-γ in the context of bacterial or T. gondii infection 55 . Intriguingly, the interactions of neutrophils with other innate cells can have long-term consequences. In one study, depletion of neutrophils during a primary exposure to helminth infection failed to induce a protective, long-lived macrophage response in the lungs 15 . The mechanisms by which neutrophils influence the activity of other innate cells are diverse and depend on the particular inflammatory milieu. Neutrophils and macrophages have been found to act cooperatively during primary responses to Leishmania infection in which neutrophils enhance macrophage activity via tumor-necrosis factor and superoxide production 56 . Macrophage function and cytokine production can also be enhanced by their interaction with neutrophils via the recognition of neutrophil-derived extracellular traps 53 . Neutrophils can also aid in the recruitment of cells of the immune system to infected tissue by a novel mechanism that involves the deposition of chemokines that form guiding trails for other cells to follow 52 . In addition to activating the functions of other innate cells, neutrophils can also dampen immune responses and promote the resolution of inflammation. Localized oxygen consumption by neutrophils has been shown to stabilize the transcription factor HIF in epithelial cells and thus promote the resolution of intestinal inflammation 57 . Another mechanism of neutrophil-dependent regulation of inflammation is through the production of IL-10 that dampens the responses of dendritic cells, monocytes and macrophages 58 . Thus, in addition to their well-known effector mechanisms of pathogen eradication, neutrophils can also perform nonredundant regulatory functions by influencing the activities of other cells of the immune system 51, 59 .
Basophils, mast cells and eosinophils
The proliferation of basophils is associated with various helminth infections [60] [61] [62] [63] [64] [65] [66] . Interestingly, basophils are a major source of IL-4 and can promote type 2 cytokine-mediated inflammation in a pathogenspecific manner following both primary exposure and secondary exposure to helminths [65] [66] [67] [68] [69] [70] . For example, studies suggest that although basophils contribute to responses by the T H 2 subset of helper T cells following primary infection with Trichuris muris or Trichinella spiralis, they are not contributors following primary infection with N. brasiliensis or Heligmosomoides polygyrus bakeri 60, 63, 69, [71] [72] [73] [74] . In contrast, basophils have been shown to be critically important in the context of secondary infection with N. brasiliensis or H. polygyrus bakeri 71, [73] [74] [75] . Furthermore, although the mechanisms through which basophils promote primary immunity to T. muris and T. spiralis remain unknown, studies suggest that basophils promote secondary immunity to N. brasiliensis via their coordinated interactions with tissue-resident macrophage populations 75 . Specifically, basophils primed with immunoglobulin E infiltrate the skin following secondary exposure to larvae. These basophils then produce IL-4 and interact with skin-resident macrophage populations, which promotes an M2 phenotype, including expression of the classic M2 signature genes Arg1, Chi313 and Pdcd1Ig2 (ref. 75 ). These basophil-induced M2 macrophage populations then effectively trap parasitic larvae in the skin npg r e v i e w in a manner dependent on the arginase Arg-1 and thereby inhibit migration of the larvae to the lungs. Depletion of basophils blocks the M2 development of macrophages and the associated inhibition of migration of larvae to the lungs 75 . Collectively, these data demonstrate that basophils promote secondary immunity to N. brasiliensis via their interactions with skin-resident macrophage populations. Similar to its effect during N. brasiliensis, antibody-mediated depletion of basophils in the context of H. polygyrus bakeri infection results in a reduced capacity to clear worms 74 . Although the mechanism by which basophils promote immunity to H. polygyrus bakeri remains uncertain, given the importance of M2 macrophages in protective immunity in this system 42 , we are tempted to speculate that basophils 'instruct' macrophages, as seen during infection with N. brasiliensis. However, further studies are needed to determine if basophils act cooperatively with other cell populations of the innate immune system to promote protective immunity to other helminth parasites. Further findings suggest that basophil-macrophage interactions also contribute to inflammation in a model of allergic disease 44, 76 , which suggests that cross-talk among cells of the innate immune system represents a conserved feature of type 2 inflammation. In addition to their role in promoting type 2 immunity, basophils also contribute to anti-bacterial-immunity. For example, basophils can recognize and be activated by staphylococcal enterotoxins via antibody-mediated mechanisms 77 . Further studies have also demonstrated that basophils form basophil-derived extracellular traps that are able to trap and kill bacteria 78 . However, where anti-microbial basophil responses act together with and/or 'instruct' other cells of the innate immune system remains to be defined.
Similar to basophils, IL-4-expressing mast cells and eosinophils increase in number following many parasitic infections 65, 66, [79] [80] [81] . Mast cells have a critical role in promoting macrophage activation and protective immunity to T. spiralis 82 . Additional studies have also demonstrated a role for mast cells in optimal innate immune responses and protective immunity to H. polygyrus bakeri and T. muris 83 . Furthermore, helminth-elicited eosinophil responses are sufficient for the promotion of fat-resident M2 macrophages and glucose tolerance following infection 80, 81 . Collectively, such studies suggest that macrophage-granulocyte cross-talk represents a conserved feature of helminth-induced inflammation.
As do basophils, mast cells and eosinophils can express TLRs and become activated in response to bacterial stimuli [84] [85] [86] . For example, stimulation of bone marrow-derived mast cells with Francisella tularenis results in the production of mast cell-derived IL-4. IL-4 produced from stimulated mast cells is sufficient to promote the M2 activation of macrophages and control of the intracellular growth of F. tularenis 87 . Moreover, patients suffering bacterial infections present with decreased peripheral eosinophil counts 85 , and it has been demonstrated that eosinophils release extracellular traps that kill Staphylococcus aureus and Escherichia coli 85, 86 . Thus, similar to other granulocyte populations, mast cells and eosinophils possess anti-bacterial qualities that promote protective immunity.
Interactions of macrophages with ILCs
Studies of IL-13 reporter mice have facilitated the identification of a lineage marker-negative, c-Kit + , IL-33 receptor-positive, IL-13 + innate ILC2 population following primary infection of the mice with N. brasiliensis [88] [89] [90] . Since their original identification, ILC2 cells have been recognized for their ability to promote type 2 cytokine-mediated immunity and inflammation in the context of various models of allergic inflammation and parasitic infection 11, 91 . Although the mechanisms by which ILC2 cells promote type 2 cytokine-mediated immunity remain to be fully defined, it is well established that these cells directly promote helminth-induced eosinophil responses and contribute to macrophage activation 11, 91 . For example, the activation of ILC2 cells after hookworm infection is sufficient to promote eosinophilia and M2 activation of macrophages that contributes to infection-induced increases in visceral adipose tissue 81 . Furthermore, it has been demonstrated that ILC2 responses act cooperatively with CD4 + T cells to support the M2 activation of macrophages in the lungs following a secondary challenge with N. brasiliensis 92 . Finally, studies have also shown that ILC2 cells promote the M2 activation of macrophages and the subsequent induction of protective regulatory T cells 93 . Collectively, these studies suggest that ILC2 cells promote host-protective responses in part through their crosstalk with eosinophil and macrophage populations.
NK cells have long been known to be the principal innate cells that induce the classical activation of macrophages, monocytes and dendritic cells. Unlike viral infection, in which NK cells sense infected cells through the direct recognition of virus-encoded antigens by activating receptors on their surface 94 In vitro studies suggest that TLR-stimulated neutrophils release soluble mediators that attract and activate NK cells 96 . Mature neutrophils are also required for the proper maintenance of NK cells in the bone marrow and periphery 97 . Neutrophils condition NK cells for enhanced responsiveness to IL-12, cytotoxicity and cytokine production through the caspase-dependent release of IL-1 and IL-18. In turn, NK cells can serve as a crucial source of the cell-signaling molecule GM-CSF during infection to enhance neutrophil effector function 98 . In addition to the release of these cytokines by neutrophils, inflammasome-mediated activation and release of IL-1 and IL-18 by tissue-resident macrophages and parenchymal cells themselves could provide the initiating signals for the recruitment of NK cells and inflammatory monocytes and foster NK cell-mononuclear cell crosstalk (Fig. 2) . Critically, the activation and cytokine production of NK cells is terminated following their lysis or disengagement from their monocytic target cells 99 . Additionally, IL-10 production provides another layer of negative regulation for the prevention of immunopathology of an otherwise protective type 1 response 100 . Not much is known about how ILC1 cells differ from NK cells in the way they engage in crosstalk with mononuclear cells, but given the extensive overlap between ILC1 cells and NK cells in their gene-expression and cytokine-secretion patterns 101 , it is reasonable to assume that ILC1 cells probably interact with myeloid cells very similarly to NK cells.
Analogous to the way NK cells and ILC2 cells act as inducers of the M1 activation of macrophages and M2 activation of macrophages, respectively, crosstalk between ILC3 cells expressing the transcription factor RORγt and inflammatory CCR2 + monocytes also occurs during microbial infection of the intestine 102 . Newly recruited monocytes differentiate into phenotypically proinflammatory CD11c + intestinal macrophages within the lamina propria and produce large amounts npg r e v i e w of IL-1β under the influence of ILC3 cells. IL-1β produced by inflammatory monocytes reciprocally enhances IL-22 production by ILC3 cells to promote resistance to infection. IL-23 produced by microbeactivated dendritic cells can also drive the ILC3 production of IL-22, IL-17, IFN-γ and GM-CSF 103 . The activation of ILC3 cells by IL-1 and IL-23 and the production of these cytokines probably provide protection against a variety of bacterial, fungal and protozoal pathogens. During homeostasis, microbiota-derived production of IL-1β seems to drive GM-CSF production by ILCs to promote regulatory T cells and oral tolerance 104 . However, during microbial infection, this balance is tilted toward enhanced production of IL-1 and IL-23, which leads to more production of IL-22 and IL-17. How enteric protozoal, fungal and helminth pathogens perturb this balance by producing shifts in the microbiome, the cytokine milieu and the tissue-regulatory milieu remains a fertile area of investigation.
Conclusions
In this Review, we have emphasized the importance of communication between cells of the innate immune system in determining both the quality and the magnitude of an immune response. In particular, a growing number of studies have indicated that crosstalk between myeloid cell populations provides an essential contribution to the initiation of the immune response. We propose a model in which various granulocytes interact with macrophages to promote macrophage activation (Fig. 4) . Macrophages in turn provide signals to granulocytes, which influences their activation as well. Together with ILCs, myeloid cells have a central role in tailoring the immune response and associated effector-cell functions to distinct groups of pathogens. Intrinsic to this model is the ability of individual myeloid cells and ILCs to exhibit different effector functions in response to specific groups of pathogens. Increasing evidence suggests that just as helper T cell subsets differentiate from a common helper T cell progenitor, each of these cells of the innate immune system is also programmed by the immunological milieu to activate specific signalingpathway modules that mediate the expression of distinct cell-surface and secreted molecules. Future studies should also investigate the interactions between cells of the adaptive and innate immune systems that coordinate tissue-specific immune responses through the positive amplification of common effector programs and also, notably, antagonistic regulatory interactions 105, 106 . How are these lineage-and signaling-induced determinants of the activation of cells of the innate immune system controlled at the molecular level? Is epigenetic chromatin modification of primary importance, or are more downstream mechanisms, such as those mediated by non-coding regulatory RNAs, also involved? Answers to such questions involving communication between cells of the innate immune system might provide fundamental insights into how to perturb the innate immune response therapeutically by targeting specific signaling pathways that can enhance resistance and/or prevent harmful inflammatory responses.
Cells of the innate immune system can also provide a more rapid directed response upon re-exposure to pathogens and thereby contribute to acquired resistance. This is now best documented for NK cells and macrophages, but it raises the possibility that other cells of the innate immune system with memory-like properties will also be identified. A central tenet of innate acquired resistance is that the specificity of the memory response depends on the activation of specific PRRs, analogous to activation of T cells and B cells through antigen receptors. More studies are needed to elucidate the mechanisms of trained innate immunity. In particular, is specificity again largely dependent on epigenetic modifications that prime cells for increased responsiveness to specific PRR signaling pathways? How plastic are the changes in innate memory cells? Do they require an inflammatory tissue milieu to sustain a persistent phenotype? Investigating these questions should provide essential insights into innate memory responses and should deliver new targets for vaccine development and also, potentially, for the induction of long-term hypo-responsiveness to prevent tissue damage during inflammatory disease. 
